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ENERGY GENERATION SYSTEM AND
METHOD THEREOFK

FIELD OF THE INVENTION

This mvention generally relates to an energy generation
system and method thereof by using clean fuel combustion.

BACKGROUND OF THE INVENTION

One of the challenging problems facing the power genera-
tion industry 1s the capture of greenhouse gases produced
during the combustion of fuels. More specifically, the main
challenge 1s the capture of Carbon Dioxide (CO,), since this
molecular structure 1s the major greenhouse gas emitted dur-
ing combustion.

Several technologies exist for the capture o1 CO,. They are
generally divided into the following groups: post combustion
capture, oxy-fuel combustion, and pre-combustion capture.

GENERAL DESCRIPTION

In post combustion capture, the CO, 1s separated from the
flue gas aiter the combustion of a fuel. This can be done 1n
several ways, but the most common and mature technology

utilizes chemical absorption by amines including primary
amines such as monoethanol amine (MEA), diglycolamine
(DGA); secondary amines such as diethanolamine (DEA),
di-1sopropylamine (DIPA); and tertiary amines such as tri-
cthanolamine (TEA) and methyl-diethanolamine (MDEA).
The use of chilled Ammonia has also been introduced 1n
recent years. After the CO, 1s absorbed in the solvent, it 1s
stripped and compressed, while the solvent 1s being regener-
ated. This method requires a lot of energy, and therefore
imposes high costs on CO, capture.

Oxy-fuel combustion uses pure oxygen (O, ) mstead of air
tor the combustion of the fuel. This method yields a CO,-rich
flue gas, which makes 1t easier to capture the CO,. The down-
side of this technology 1s that the air separation units, which
are used to separate O, from air, are costly and consume a lot
of energy, thus reducing the efficiency of the power plant.

In pre-combustion capture, the fuel 1s partially oxidized
prior to combustion, by reaction with O,, to create syngas (a
mixture of CO and hydrogen). The syngas 1s then shifted (via
a water gas shift reaction) to yield a hydrogen and CO, rich
gas. The CO, 1s then separated from the hydrogen, and the
hydrogen 1s combusted releasing only water vapor. The
downside of this technology is 1n 1ts large equipment costs,
and the energy penalty due to the partial oxidation of the fuel
and the O, production.

Once the CO, 1s captured, 1t needs to be reused or seques-
tered to avoid 1ts release to the atmosphere. Since the chemi-
cal and food industries consume only a small fraction ot CO,
produced by power plants worldwide, the rest of the CO,
needs to be injected into geological formations for permanent
storage. While this approach has been 1nvestigated and even
demonstrated 1n some sites, 1t poses concerns regarding the
long term safety of the storage. Furthermore, this approach
essentially gives up the carbon in the CO,, and does not
recycle 1t. In a long term view, and given the limited amount
of carbon even in coal reserves worldwide—this approach
does not make optimal use of available natural resources.

There 1s a need 1n the art for a novel system and method
capable of combusting fuels while recycling the reaction
products without the burden of loss of efficiency and high
operation costs.
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The present invention presents a high efficiency power
generation cycle in which obtaining a substantially pure car-
bon dioxide (CO,) flue-stream 1s inherent. The technique of
the invention combines oxy-fuel combustion of carbon mon-
oxide (CO) as a fuel, with the use of CO, as a working tluid.
This combustion can be performed 1n many heat/combustion
engines such as a turbine (e.g. gas turbine) or mternal com-
bustion engine.

In this connection, i1t should be noted that the term “heat
engine’” used 1n this concept of the present invention refers to
any engine, which converts heat to work and/or electricity.
The heat can generally be dertved from fuel combustion, solar
radiation, geothermal energy, nuclear reaction, or any other
heat source.

The generated tlue gas would contain substantially pure
CQO,, although some leaks to or from the surrounding atmo-
sphere may occur 1n large scale systems without substantially
altering the process. The resulting CO, volumetric fraction in
the flue-gas may be from roughly 835% to greater than 99%. At
least a part of the CO,, can be recycled into a heat engine (e.g.
a gas turbine), where 1t can be used as the working flud (e.g.
instead of air 1n a gas turbine).

Moreover, as CO, 1s the only combustion product of the
system, 1t can be 1solated after exiting from the engine with-
out the significant cost typical of conventional CO, capture
solutions.

According to the mvention, at least a portion of the CO,
exiting the heat engine 1s recycled to CO and O,. This can be
done 1n several ways, such as thermo-chemical and/or cata-
lytic processes and/or electrochemical reduction of CO,, 1n a
gas phase, photo-catalytic methods, or by electrolysis. The
reduction of CO, mto CO and O, provides the required O, for
oxy-fuel combustion, without the need for an Air Separation
Unit (ASU). An auxiliary ASU can still be integrated into the
system of the present invention as a source of O, makeup due
to losses 1n the system, or separation of ambience gases (e.g.
nitrogen), which may leak into the system.

The system of the present invention can use any known
reduction techniques of CO,. For example, such electro-
chemical reduction techniques include the technique devel-
oped by one of the inventors of the present application and
described 1n the international application number PCT/
11.2009000743 1incorporated herein by reference. Various
other methods for dissociation of CO,, using photoelectric,
catalytic, electrolytic, and thermo-chemical processes may
also be used.

According to some embodiments of the technique
described 1n PCT/IL2009000743, the reduction of CO, 1nto
CO and O,, utilizes an electron source including a thermionic
cathode or photocathode and an anode and configured and
operable to emit electrons, and an electric field generator for
generating an electric field having an energy suificient to
dissociate reactant gas molecules (CO, and/or H,O). The
cathode and anode are spaced apart from one another at a
predetermined distance defining a reaction gas chamber con-
figured and operable to cause interaction between the elec-
trons with the reactant gas molecules via a dissociative elec-
trons attachment (DEA) mechanism within the chamber.
Electrons having the required energy dissociate the molecules
into product compounds (O, and CO and/or H,). Consider-
ing the use of a thermionic cathode, the system includes a
thermal energy source configured and operable to supply
thermal energy to the electron source thereby raising electron
source temperature and generating thermionic electrons
emission from the thermionic cathode. The thermionic cath-
ode may be associated with said electric field generator or a
separate electric field generator operable to apply an electric
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potential between the cathode and anode, reducing the poten-
t1al barrier of the cathode and enhancing a number of emitted
clectrons. The thermionic cathode may be formed with a
protective coating, to be protected from exposure to gaseous
environment including CO,, CO, O™ and O,. The protective
coating may include an oxide layer. The protective coating
may be configured to enable electron transmission via tun-
neling by reducing the work function of the cathode.

There 1s thus provided, according to one broad aspect of the
invention, an energy generation system (power producing
engine or plant) for use in operating a heat engine. The system
comprises: a reduction unit energized by an external energy
source and being configured and operable for reducing CO,
into CO and O,, said CO, reduction unit having a gas inlet
associated with a gas outlet of the heat engine for inputting
CO,, and having CO and O, gas outlets; and a combustor
comprising a plurality of gas inlets including gas inlets con-
nected to the outlets of said reduction unit for recerving the
CO and O, gases, and a gas 1nlet for receiving a CO, working
fluid, and a gas outlet connectable to a gas inlet of the heat
engine, said combustor being configured and operable to
cause a reaction between said CO and O,, gases thereby com-
busting the CO gas to form CO, gas, and for supplying,
through said gas outlet, a substantially pure CO,, gas to drive
the heat engine, the system thereby providing operation of the
heat engine driven by said external energy source via the
reduction of CO.,.

The heat engine may comprise at least one of a gas turbine,
a steam turbine, and an internal combustion engine.

In some embodiments, the combustor further comprises an
additional inlet associated with the gas outlet of the heat
engine and configured for recerving at least a portion of CO,,
exhausted by the heat engine.

Preferably, the system includes one or more compressors
connected to the one or more inlets of the combustor and
configured and operable to compress CO, and to supply at
least a portion of the compressed CO, to the combustor. The
compressor may also be connected to the gas inlet of the heat
engine, the compressor being configured and operable to
introduce at least a portion ot the compressed CO, into the
heat engine.

The system may include an additional (second) compres-
sor, connected to the gas inlet of the CO, reduction unit, and
configured for compressing CO, exhausted by the heatengine
and supplying at least a portion of the compressed CO, to the
CO, reduction unait.

In some embodiments, the system includes an electric gen-
erator connected to the heat engine. The electric generator 1s
configured and operable to convert work produced by the heat
engine into electrical power.

An electric generator may be used with the compressor to
provide power required for circulating working fluid 1n a
closed-loop cycle.

In some embodiments, the system comprises a mixing
chamber interconnected between the outlet of the CO,, reduc-
tion unit and the inlet of the combustor. The mixing chamber
1s configured and operable to recerve O, and CO and provide
mixture of CO and O, to the combustor.

In some embodiments, the system 1s configured as a com-
bined cycle comprising more than one thermodynamic cycle.
The combined cycle may comprise a first cycle and a second
cycle, where the first cycle comprises a heat engine and the
second cycle comprises a Rankine turbine. The second cycle
may comprise a heat recovery unit (HRU) connected to the
heat engine outlet and having at least one CO, mlet and one
CO, outlet. The HRU 1s configured and operable for transier-
ring at least some heat from CO, exhausted by the heat engine
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to a fluid circulating 1n the second cycle. The HRU may
comprise a steam generator utilizing heat of the CO, exhaust
gas to transform water into steam or to heat steam, and at least
one steam turbine connected to the outlet of the steam gen-
crator. The at least one steam turbine may be connected to a
second electric generator driven by the steam turbine.

In some embodiments, the reduction unit 1s configured and
operable for reducing a mixture of CO, and water or steam
into O, and syngas (a mixture of CO and H,), the combustor
1s configured and operable for reaction between syngas and
O, yielding the mixture of CO, and water-steam, and the heat
engine 1s driven by the gas output from the combustor com-
prising the mixture of CO, and water-steam.

In some embodiments, the second cycle comprises a con-
denser configured and operable to condense exhaust steam
from the steam turbine to produce condensed water. The
system may 1nclude an mtercooled compressor connected to
and driven by the steam turbine, the intercooled compressor
being configured and operable for compressing fluid
exhausted by the heat engine and directed to the combustor or
to the steam engine by cooling the fluid and via a heat
exchange with at least a portion of water produced 1n the
condenser.

The system may utilize external energy source comprising,
a solar receiver connected to the reduction unit, which com-
prises a solar energy driven CO,, dissociation reactor.

The system may comprise a solar receiver connected to the
additional inlet of the combustor and configured and operable
to preheat flud traversing the additional inlet prior to feeding
the fluid 1nto the combustor.

The system may comprise a solar receiver connected to at

least the additional inlet of the combustor and the gas outlet of
the combustor. The solar recerver 1s configured and operable
to heat fluid 1n parallel to the combustor or upstream of the
combustor. The system may comprise a flow controller placed
upstream of the solar recerver. The tlow controller 1s config-
ured and operable to determine tlow portions to be directed to
either the solar recerver or the combustor, when the solar
receiver 1s placed 1n parallel to the combustor. The solar
receiver may be connected to outlet of a primary compressor
associated with the combustor, the solar recetver being con-
figured and operable to heat compressed fluid leaving the
primary COmpressor.
In some embodiments, the reduction unit comprises: a
builer storage module for receiving from the HRU, the fluid
being CO, or said mixture of CO, and steam or water; a
reduction reactor configured and operable to receive the tluid
from the buffer storage module and to reduce CO,, mnto CO
and O, or the mixture of CO, and steam or water 1nto syngas
and O,; a flow regulator regulating the fluid flow from said
butler storage module to said reduction reactor; and first and
second compressors, the first compressor being configured
and operable to compress CO or syngas leaving said reduc-
tion reactor and to supply compressed CO or syngas to said
combustor, the second compressor being configured and
operable to compress O, leaving said reduction reactor and to
supply compressed O, to said combustor. The builer storage
module may receive CO, or a mixture of CO, and water or
steam from an external source.

According to another broad aspect of the invention, there 1s
provided a system for operating a steam cycle powering a
steam turbine, the system comprising:

a reduction unit energized by an external energy source and
being configured and operable for reducing CO2 mto CO and
02, said reduction unit having a gas inlet configured for
receiving CO2, and having CO and O2 gas outlets;
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a combustor having a first gas inlet configured for receiving,
CO from said reduction unit, a second gas 1nlet configured for
receiving O2 from said reduction unit, and a gas outlet asso-
ciated with the gas inlet of the reduction unit, the combustor
being configured and operable for a reaction between said CO
and O2 gases, thereby combusting the CO gas to form CO2
gas, and for supplying a substantially pure CO2 flue gas to
said reduction unit;

a heat recovery unit (HRU) connected to the outlet of the
combustor, the HRU comprising at least one inlet and one
outlet, and being configured and operable for transferring at
least some heat from said CO2 produced 1n said combustor to
water and/or steam circulating 1n the steam cycle, thereby
powering the steam cycle and driving the steam turbine.

The reduction unit may comprise a reduction of a mixture
of CO, and water or steam 1nto O, and syngas (a mixture of
CO and H,). The reaction 1n the combustor may comprise a
reaction between syngas and O, yielding said mixture of CO,
and water or steam.

According to yet another aspect of the invention, there 1s
provided a power plant for generating electricity, comprising;:

a steam cycle comprising a steam turbine having an inlet
for recerving high-temperature steam and an outlet for
exhausting stream and/or water having lower temperature and
pressure than the high-temperature steam, the steam turbine
being powered by passage of steam therethrough;

the above described system for transferring at least some
heat from said combustor’s exhaust to said water and/or
steam exhausted by said steam turbine, thereby powering said
steam cycle and driving the steam turbine; and

an electric generator associated with said steam turbine and
configured for using work generated by said steam turbine to
generate electricity.

The power plant may further comprise a fuel combustor for
combusting a fuel 1n air and transferring at least some heat
from at least one combustion product of said combustion 1n
air to said water and/or steam before 1t enters said steam
turbine. The fuel may comprise coal or natural gas.

According to yet further aspect of the imnvention, there 1s
provided a method for use 1n operating a heat engine, the
method comprising:

(a) reducing a CO,, gas into CO and O,, gases;

(b) reacting said CO and O, gases, thus combusting the CO
gas, and yielding a substantially pure CO, outlet gas;

(¢) supplying said CO, outlet gas to the heat engine as a
working gas 1n 1ts heat-to-work generation process.

The CO, gas exhausted by the heat engine may be further
directed to reduction unit for further reduction; and the pre-
ceding steps may be repeated, therefore generating a closed-
loop cycle of the heat engine operation by reusing the CO,
exhausted from the heat engine to produce CO and O,.

At least a part of CO, gas exhausted from the heat engine
may be combusted for use as a working fluid 1n the cycle.

Reduction of CO, into CO and O, may be performed using
solar energy.

Reducing of CO, mnto CO and O, may be pertformed by
using additional CO, gas supplied from an external source.

The method may comprise generation of electrical power
by using work generated by the heat engine to drive an electric
generator connected to the heat engine.

CO may be mixed with O, prior to the combustion to
produce a mixture of CO and O,.

Heat from said CO, gas exhausted from the heat engine
may be recovered. Heat from the CO2 exhaust gas may be
used to heat steam or transform water to steam. The steam
may be used to drive at least one steam turbine. Work pro-
duced 1n said steam turbine may be used for generating elec-
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tric power. Steam may be recycled 1n a Rankine cycle pow-
ered by the heat from said CO.,, exhaust gas.

CO, may be compressed and at least a part of said com-
pressed CO, may be used as working tluid 1n the combustion.
At least one compressor may be driven by using said heat
engine and at least a part of said compressed CO, may be
supplied to the heat engine.

At least a part of the CO,, gas exhausted by the heat engine
may be directed to the CO, (or CO, and water) reduction unit
tor reduction ot CO, or CO, and water.

A mixture of CO, and water or steam may be reduced to
syngas (a mixture of CO and H,) and separated O,. Syngas
reacts with O, vielding a mixture of CO, and water. The
mixture of CO, and water or steam 1s supplied to the heat
engine. The mixture of CO, and water or steam exhausted
from the heat engine 1s directed to the reduction umt for
turther reduction.

According to yet another broad aspect of the mvention,
there 1s provided a method for use in operating a steam cycle
powering a steam turbine, comprising:

(a) reducing a CO, gas mto CO and O, gases;

(b) reacting said CO and O, gases, thus combusting the CO
gas and yielding a substantially pure CO, outlet gas;

(c) directing said CO, outlet gas to a heat recovery unit
(HRU) for transterring at least some heat of said outlet gas to
power the steam turbine and (d) enabling further reduction of
CO, exhausted from said HRU into CO and O,, gases and then
combustion of the CO gas, hence operating 1n a close loop.

According to yet further broad aspect of the vention,
there 1s provided a power plant for generating electricity,
comprising;

a steam cycle comprising a steam turbine having an inlet
for recerving high-temperature steam and an outlet for
exhausting stream and/or water having lower pressure and
temperature than the high-temperature steam, the steam tur-
bine being powered by passage of steam therethrough;

a first fuel combustor, configured for performing an oxy-
fuel combustion of a carbon-based fuel and yielding an
exhaust gas being mixture of CO2 and water or steam, said
first fuel combustor having a fuel intake for recerving said tuel
from an external source, an oxygen intake, for receiving oxy-
gen, and an outlet from exhausting said exhaust gas;

a heat recovery umt (HRU), configured for transierring at
least some heat from said combustor’s exhaust gas to said
water and/or steam exhausted by said steam turbine, thereby
powering said steam cycle and driving the steam turbine;

a reduction unit, configured for recerving said combustor’s
exhaust gas leaving the HRU and reducing said mixture of
CO2 and water or steam 1nto syngas (a mixture of CO and H2)
and O2, said reduction unit having an oxygen outlet for rein-
troducing said O2 into the said first fuel combustor, and a
syngas outlet for exhausting said syngas;

a syngas storage unit, for recerving and storing said syngas
exhausted by said reduction unit; and

an electric generator associated with said steam turbine and
configured for using work generated by said steam turbine to
generate electricity for use 1n an electric grid.

The power plant may include a second fuel combustor for
combusting a second fuel 1n air, and a second HRU for trans-
ferring at least some heat from at least one combustion prod-
uct of said combustion 1 air to said water and/or steam
exhausted by said steam turbine. At least one of the first and
second fuels may comprise coal or natural gas.

BRIEF DESCRIPTION OF THE DRAWINGS

In order to understand the invention and to see how 1t may
be carried out in practice, embodiments will now be
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described, by way of non-limiting example only, with refer-
ence to the accompanying drawings, 1n which:

FIGS. 1A-1D are general schematic block diagrams show-
ing examples of how systems based on the present invention
can operate a heat engine, and different configurations
thereot, in which CO 1s used as combustion fuel and CO, 1s
the working gas;

FIGS. 2A-2C schematically illustrate block diagrams of
examples of systems of the present invention for operating a
heat engine, and different configurations thereof, in which
Syngas (a mixture of CO and H, ) 1s used as a combustion fuel,
while a mixture of CO, and water 1s used as a working gas;

FIG. 3 schematically illustrates a block diagram of a sys-
tem of the present invention configured for operating a steam
cycle, which powers a steam turbine;

FIGS. 4A, 4B, and 5 to 9 schematically illustrate block
diagrams of different possible configurations of systems
according to the present invention;

FIG. 10 1s a schematic 1llustration of how the techmique of
the present mvention 1s used with a power generation plant
using Steam-Rankine cycle, where part of the heat for gener-
ating and superheating the steam 1s provided by coal burning
in air and the rest of the heat 1s provided by burning CO with
clean O, (oxy-fuel combustion), both of which are generated
trom the CO,, reduction unit; and

FI1G. 11 1s a schematic illustration of how the technique of
the present mvention 1s used with a power generation plant
using Steam-Rankine cycle, where part of the heat for gener-
ating and superheating the steam 1s provided by coal burning
in air and the rest 1s provided by burning coal with clean O,
(oxy-tuel combustion) provided by the CO, dissociation
plant.

DETAILED DESCRIPTION OF THE INVENTION

Reference 1s made to FIG. 1A illustrating a general block
diagram of an energy generation system 10 of the present
invention. The system 10 1s configured to operate a heat
engine 14, and comprises a CO, reduction unit 16 energized
by an external energy source 25 (e.g. solar or nuclear energy),

and a combustor 12. The reduction unit 16 1s configured for
reducing CO, to CO and O,, and includes a gas inlet 11 for
mputting CO,, a CO gas outlet 23, and an O, gas outlet 24.
The combustor 12 1s configured for effecting an oxy-fuel
combustion ol CO, and has gas mlets connected to the outlets
23 and 24 of the CO, reduction unit 16 for recerving the CO
and O, gases, and a gas (CO,) outlet 21 connectable to a gas
inlet of the heat engine 14. The CO, leaving the combustor 12
has a certain heat because of the exothermal combustion of
CO. Such heated CO, 1s introduced 1nto the heat engine 14,
where the heat 1s converted into work, for example 1n the form
of rotational mechanical energy. CO, then leaves the heat
engine 14 via a gas outlet 15 and may then be compressed by
compressor 19 before entering the gas mnlet 11 of the reduc-
tion unit 16. Thus, 1n this configuration, a closed-loop opera-
tion of the heat engine 14 1s provided, driven by an energy
input via the reduction of CO.,,.

The combustor 12 1s configured and operable to combust
CO by reacting CO with O, and thereby producing a stream of
a CO, working fluid. The stream exiting the combustor 16 via
the outlet 21 1s a substantially pure CO,, gas. Therefore, sub-
stantially pure CO,, gas 1s used as a working fluid 1n the heat
engine 14. Typically, if the heat engine 14 1s a gas turbine, the

desirable operating temperatures of the working fluid coming
out of the combustor 12 are between 800° C. and 1400° C.
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In some embodiments, the heat engine 1s connected to an
clectric generator 20 being configured and operable to con-
vert work produced by the heat engine into electrical power.

In some embodiments, an electric generator (being the
clectric generator 20 connected to the heat engine or a differ-
ent element) 1s connectable to compressor 19. The compres-
sor 19 1s driven by electric generator(s) thereby providing the
power required for circulating the fluids 1n a closed-loop
system.

In some embodiments, the system 1s configured as a com-
bined cycle comprising more than one thermodynamic cycle.
The combined cycle may comprise an upper cycle comprising
the heat engine 14 and a lower cycle comprising a heat recov-
ery unit (HRU) 17. In this case, the CO, from the heat engine
outlet 15 1s mtroduced into the HRU 17 in which the residue
heat from the CO, exhaust gas 1s used to generate steam as
will be described 1n details further below. CO, gas leaving the
heat engine 14 1s mtroduced mnto the HRU 17 from the outlet
15 of heat engine 14, and exhausted from HRU 17 into com-
pressor 19, which recycles the CO, 1n the system.

The system and method of the present invention thus pro-
vide a low cost, high efficiency cycle that can be used on a
large scale tor energy generation without adding CO, to the
environment. The process involves the use o1 CO, as working
fluid, and combustion of CO and O,, while diverting the
effluent gas made mostly of CO, (1.e. the CO, volumetric
fraction may be 1n the range of about 80-90% to greater than
99%) for sequestration or recycling into tuel.

The technique of the invention uses oxy-fuel combustion
of oxygen generated 1n the process with a specific choice of
tuel (CO) also generated 1n the process.

While CO 1s a poisonous gas, it 1s widely used as a process
gas 1n many 1dustrial processes, usually by its 1n-situ usage,
in close proximity to 1ts generation. The system and method
of the present invention utilize a clean recycling process of
CO, 1 which CO and O, are produced using a clean energy
source (e.g. solar energy), 1n order to generate energy 1n the
form of heat and/or electricity, without the added operational
costs and energy intensiveness associated with generating O,
via air separation.

Reference 1s now made to FIG. 1B, illustrating a non-
limiting embodiment of the energy generation system 10 of
FIG. 1A. The system 10' illustrated 1n FIG. 1B 1s generally
similar to that of FIG. 1A, but includes some additional ele-
ments. Inthe example o F1G. 1B, the exhaust CO, leaving the
heat engine 14 through outlet 15 (and possibly passing
through HRU 17) 1s divided 1nto two portions at node 30. The
first portion 1s introduced 1nto the reduction unit 16 (e.g. after
passing the compressor 19) via the ilet 11, as explained
above, while the second portion 1s driven directly into the
combustor 12 via gas inlet 13. The CO, reaching the combus-
tor 12 via the gas inlet 13 1s used for cooling the walls of the
combustor 12 to a desirable operating temperature and 1s then
mixed with, the CO,, produced by the combustion of CO and
O,. Upon leaving combustor 12 1t enters heat engine 14 at a
temperature suitable for operation of the heat engine 14.

Optionally, the second portion of the heat engine’s exhaust
CO, 1s further divided into two streams at node 32: a first
stream 1s directed to the combustor 12 via the gas inlet 13 as
explained above, and a second stream 1s directed to the heat
engine 14 via a conduit 9. If present, the CO,, stream to the
heat engine 14 travelling via conduit 9 is also used to lower
the temperature of the CO,, supplied to the heat engine 14 by
combustor 12.

The system 10 may also comprise a primary compressor 18
connected to the combustor 12 via a CO,, 1nlet 13 and may be
configured and operable to generate compressed CO, with a
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required pressure being in the range of about 4 to about 40
Bar. The primary compressor 18 may supply at least a portion
of the compressed CO, to the combustor 12. Optionally, the
compressor 18 1s powered by an electric generator (being the
clectric generator 20 connected to the heat engine or a differ-
ent element).

In some embodiments, the primary compressor 18 1s con-
nected to both, the CO, 1nlet 13 of the combustor 12 and the
heat engine mlet 21 as represented by dashed lines. In this
case, the primary compressor 18 supplies a part of the com-
pressed CO, to the combustor 12 and a part of the compressed
CO, directly to the heat engine 14. By controlling the opera-
tion of the compressor 18 and/or the secondary compressor
19, the flow of CO, exhausted by the heat engine 14 to the
reduction unit 16 and to the combustor 12, 1s regulated,
enabling control of the temperature and pressure of the CO,
working gas entering the engine 14.

In some embodiments, the extent of the first and second
portions of the CO, tlow divided atnode 30 and of the firstand
second streams divided at node 32 may be controlled by the
operation of the compressors 18 and 19. Optionally or alter-
natively, two-way valves may be present at one or both nodes
30 and 32 for providing further control of the extent of the first
and second portions of the CO,, flow divided at node 30 and of
the first and second streams divided at node 32.

As explained above, the regulation of the first and second
portions and of the first and second streams enables control of
the temperature and pressure of the CO, working gas entering,
the engine 14. This regulation may be manual or automatic. I
the regulation 1s automatic, the system 10 includes a control
unit (not shown 1n the figure), temperature sensors (not pic-
tured) and pressure sensors (not pictured). The temperature
and pressure sensors are set, for example, at the outlet of the
combustor 12 and at the inlet 21 of the heat engine 14, and are
respectively configured for measuring a temperature and a
pressure of the CO, leaving the combustor 12 and entering the
heat engine 14.

It should be noted although not specifically 1llustrated that
the control unit1s typically a computer system which includes
inter alia such constructional part as: an mnput port connected
to the temperature and pressure sensors and configured for
receiving therefrom the data indicative of the temperature and
pressure of the CO, leaving the combustor 12 or entering the
heat engine 14; a memory utility; a processing utility config-
ured for processing and analyzing measured temperature and
pressure data by applying thereto an approprate algorithm to
determine a relation between the measured temperature and
pressure values and the desired ones (or desired temperature
and pressure ranges ), for calculating the extent of the first and
second portions and of the first and second streams needed for
providing that CO, leaves the combustor at the desired tem-
perature (or within the desired temperature range) and the
desired pressure (or within the desired pressure range), and
for generating control data indicative of the results. Also, the
control system includes controllers configured for receiving
the control signal/data from the processing unit and manipu-
lating the compressors 18 and 19, and the valves at nodes 30
and 32 accordingly (if present), in order to effect the appro-
priate flow separations at nodes 30 and 32.

Reference 1s made to FIG. 1C illustrating a schematic
block diagram of a non-limiting example of a system 100 of
the present mnvention for use 1n clean electrical power genera-
tion. The system 100 1s configured and operable to combust
CO with O,, and to provide substantially pure CO, as a
reaction product. This reaction product 1s ready for seques-
tration without further purification.
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In some embodiments, the system 100 1includes a mixing,
chamber 140 placed in between the CO,, reduction unit 16 and
the combustor 12. The mixing chamber 140 1s configured and
operable to recerve O, and CO from respective outlets 24 and
23 of the reduction unit 16, and to provide a mixture of CO
and O, to the combustor 12. The O, and CO may therefore be
mixed before entering the combustor 12. It should be noted
that the mixing may be performed directly in combustor 12 in
which the CO and O, are combusted together, producing
CO,, which 1s then mixed with the compressed CO, from
compressor 18, producing a hot stream o1 CO,, (having typical
temperatures in the range of about 800° C.-1400° C.).

In this configuration, the system 100 comprises a combined
cycle having an upper cycle including a gas turbine 110
(corresponding to the heat engine 14 of FIGS. 1A-1B)and a
lower cycle 115 including a steam-Rankine turbine 212. The
hot, compressed stream of CO, exiting the combustor 12
operates the turbine 110, which drives an electric generator
20, which produces electricity. The CO, from the gas turbine
outlet 15 i1s mtroduced into the steam Rankine bottoming
cycle 115, comprising a heat recovery unit (HRU) for trans-
terring residue heat from the turbine 110 to another medium
such as water/steam. The compressor 18 1s fed by a portion or
all of the CO, outputted by the HRU.

In this specific example, the HRU comprises a steam gen-
erator 114, utilizing the heat of the CO, to generate steam 135,
and optionally turther includes a CO,-water heat exchanger
116. The steam generated and possibly also superheated 1n
steam generator 114 1s used to power the steam turbine 212,
which drives an electric generator 120 and produces electric-
ity. The exhaust steam from the turbine 212 is condensed 1n
condenser 118 and pumped via apump 117 (e.g. water pump)
into a heat exchanger 116. The waste heat from the CO,
coming out of the steam generator 114 1s used to heat the
pumped water 1n the water-CO, heat exchanger 116. At least
a part of the CO,, 134 coming out of the heat exchanger 116 1s
introduced 1nto compressor 18 as the working fluid for the
fuel combustion. A portion of the HRU CO,, output 132 1s
recycled 1n the CO, reduction unit 16.

Retference 1s made to FIG. 1D 1illustrating a schematic
block diagram of another configuration of a part of the energy
generation system, generally designated 200. System 200 1s
generally similar to the above-described system 100 of FIG.
1C, but differs from 1t by the addition of an mtercooled CO,
compressor 210 connected to and driven by a steam turbine
212. A heat exchanger 211 cools the CO,, and preheats water
prior to 1ts mtroduction 1nto the steam generator 114 using the
waste heat generated during the CO, compression i 210. It
assists heat exchanger 116, while improving the efficiency of
Compressor 210. The intercooled CO, compressor 210 1s
intercooled by using at least a part of the condensed water of
the steam turbine cycle. The intercooled CO, compressor 210
1s configured and operable to produced compressed CO.,.

Reference 1s now made to FIG. 2A, 1llustrating a schematic
block diagram of a non-limiting example of the present inven-
tion, according to which an energy generation system 40 1s
provided for operating a heat engine 14, by using Syngas (a
mixture of CO and H,) as combustion fuel, and a mixture of
CO, and water (in gaseous form) as a working gas. The
energy generation system 40 includes a CO,-and-water
reduction unit 42 energized by an external energy source 23
(e.g. solar or nuclear energy), and a combustor 12.

The reduction unit 42 1s configured for reducing a mixture
of CO, and water to O, and mixture of CO and H, (Syngas),
and therefore includes a gas inlet 44 for inputting the CO, and
water mixture into the reduction unit, a syngas gas outlet 46,
and an O, gas outlet 24. The combustor 12 1s configured for
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elfecting an oxy-fuel combustion of Syngas, and has gas
inlets connected to the outlets 46 and 24 of the reduction unit
42 for recerving the O, and the Syngas, and a gas (CO,-and-
water mixture) outlet 50 connectable to a gas inlet of the heat
engine 14. The CO,-and-water mixture leaving the combus-
tor 12 1s heated because of the exothermal combustion of the
Syngas. Such heated CO,-and-water mixture 1s mtroduced
into the heat engine 14, where part of the heat 1s converted into
work, for example 1 the form of rotational mechanical
energy and/or electricity. Exhaust CO,-and-water mixture
then leaves the heat engine 14 via a gas outlet 52, which 1s
connected to the gas inlet 44 of the reduction unit 42. Thus, 1n
the system 40 the heat engine 14 1s connected to the gas nlet
44 of the reduction unit 42 and the gas outlet 50 of the
combustor 12, to thereby provide a closed-loop operation of
the heat engine 14, driven by an external energy mput from
energy source 25 into the reduction unit of CO, and water.
The heat engine 14 may operate an electric generator 20 to

produce electricity.
Like the system 10 of FIGS. 1A-1B, the system 40 may be

associated with a lower cycle comprising an HRU 17, and
may include a compressor 19 for circulating fluids 1n the
closed-loop system. Furthermore the system 40 may include
ducts and at least one compressor to drive some of the CO,-
and-water mixture exhausted from the combustor 42 into the
heat engine 14.

Reference 1s made to FIG. 2B illustrating a system 100",
being a specific but not limiting example of the configuration
of system 40 of FIG. 2A. The system 100" generates clean
clectrical power by circulating working fluid containing
water vapor 1n addition to CO,. The volumetric portion of the
water may vary from a few percents to roughly 50%. The
working fluid containing water vapor in addition to CO, 1s
then introduced 1nto the combustor 12. The combustion prod-
uct operates the gas turbine 110 (corresponding to the heat
engine 14 of F1IGS. 1A-1B and of FI1G. 2A), which rotates and
operates an electric generator 20 and produces electricity. The
gas turbine outlet 15 exhausts a mixture of CO, and steam
which are itroduced 1nto a steam Rankine bottoming cycle
115, comprising a steam generator/heat recovery unit (HRU)
114 for transferring residue heat from the turbine 110 to
another medium such as water/steam. In the steam Rankine
bottoming cycle 115 the heat of the mixture of CO, and steam
1s used to generate and possibly also superheat steam in the
stcam generator 114. The bottoming cycle 115 comprises a
steam turbine 212 fed by steam 135. The steam turbine 212
drives an electric generator 120, which produces electricity.
The exhaust steam from the turbine 212 i1s condensed 1n
condenser 118, pumped via a pump 117 and optionally 1ntro-
duced into a heat exchanger 116. The waste heat from the
CO,-and-water mixture coming out of the steam generator
114 1s used to preheat the pumped water 1n the water-CO, heat
exchanger 116. The water 1n a portion 132 of the steam
Rankine bottoming cycle CO,-and-water output 1s separated
from the exhaust gases—mostly CO, and steam, and 1s 1ntro-
duced 1n the CO,-and-water reduction unit 42. The recycling
process can then include both, CO, dissociation to CO and
O,, as well as water dissociation to H, and O,. In this case, a
mixture of CO and H, (syngas), 1s introduced into the mixing
chamber 140 via the reduction unit’s outlet 46, while O, 1s
introduced into the mixing chamber 140 via the reduction
unit’s outlet 24. Therefore, the syngas can be used as the fuel
in the engine by being introduced into the combustor 12,
where it 1s combusted with the O, generated 1n the dissocia-
tion of CO, and water. Another part of the mixture of CO, and
stecam 134' coming out of the heat exchanger 116 may be
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introduced back into the compressor 18 serving as working
fluid 1n the fuel combustor 12 and the working fluid 1n the gas
turbine 110.

FIG. 2C 1llustrates a system 200' presenting another spe-
cific but not limiting example of the configuration of system
40 of FIG. 2A. The system 200" differs from the above-
described system 200 of FIG. 2B 1n that system 200' includes
an 1itercooled CO,, & water compressor 210 connected to and
driven by a steam turbine 212. A heat exchanger 211 cools the
CO, and water mixture and preheats water prior to 1ts intro-
duction into the steam generator 114 using the waste heat
generated during the CO, and water compression 1n 210
(similar to the example of FIG. 1D). It assists heat exchanger
116, while improving the elliciency of compressor 210. All
the other constructional and operational details ot system 200
are similar to the above-described system 200.

Reference 1s made to FI1G. 3 illustrating a schematic block
diagram of a system 10' being generally similar to the system
10 shown 1n FIGS. 1A-1B, but in this example the heated CO,
21 coming out of combustor 12 1s used to drive a steam-
Rankine cycle 113. The hot, compressed stream of CO,, exit-
ing the combustor 12 is introduced 1nto a steam Rankine cycle
115, comprising a heat recovery umt (HRU) configured as a
steam generator 17. The compressor 19 may be fed by a
portion or all of the CO, outputted by the HRU. In this specific
example, the HRU comprises a steam generator 17 utilizing
the heat of the CO, to generate steam 135. The steam gener-
ated and possibly also superheated in steam generator 17 1s
used to power the steam turbine 212, which drives an electric
generator 120 and produces electricity. The exhaust steam
from the turbine 212 is condensed in condenser 118 and
pumped via a pump 117 (e.g. water pump). The waste heat
from the CO,, coming out of the steam generator 17 1s used to
heat the pumped water. This configuration could be used, for
example, for retrofitting existing power plants, where part or
all of the fuel (e.g. coal) being combusted there, 1s replaced
with the clean energy source (e.g. solar energy) used in the
CO, reduction process.

The example of FIG. 3 relates to a cycle in which CO,
working gas 1s reduced to CO tuel and O,, and then formed
again by oxy-fuel combustion of the CO fuel. It should be
noted that the system 10" would also work with a cycle 1n
which a CO,-and-water working gas 1s reduced to a syngas
fuel and O,, which are then recombined by combustion to
yield the CO,-and-water working gas. Such a cycle 1s
described 1in FIGS. 2A, 2B and 2C.

Reference 1s made to FIG. 4A illustrating a schematic
block diagram of another configuration of a part of the sys-
tem, generally designated 300. In the example of FIG. 4A, a
solar recerver 310 1s shown being used for preheating the CO,
introduced into the combustor 12. The solar receiver 310 1s
connected to the output of the compressor 18 and to the inlet
of the combustor 12 and 1s used to preheat the compressed gas
before its introduction into the combustor 12. The solar
receiver 310 may be any typical solar recerver known in the
art.

Although not specifically shown, the same solar receiver or
another solar recerver may be connected to the CO,, reduction
unit 16, which comprises a solar energy driven CO,, dissocia-
tion reactor.

The system 300 thus includes a combustor 12, a gas turbine
110, a compressor 18 associated with the gas turbine 110, a
mixing chamber 140, a steam Rankine bottoming cycle 1135
and at least one solar recerver 310.

Reference 1s made to FIG. 4B illustrating a schematic
block diagram of another configuration of a part of the sys-
tem, generally designated 300'. System 300’ differs from sys-
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tem 300 (FIG. 4A) 1n that the solar recerver 310 1s connected
to combustor 12 1n parallel. A flow control umit such as a
two-port valve 31 1s used, which 1s connected on one hand to
the inlet of the combustor 12 and on the other hand to the
outlet of the compressor 18 to control the portions of the flow
directed to either the solar recerver 310 or the combustor 12.
These portions can be determined based on the availability of
solar power. Furthermore, these portions may be selected
according to a need to heat the CO,, entering the combustor 12
in order to affect the temperature of the CO, working gas
introduced into the gas turbine 110. In such a case, a tempera-
ture sensor (not illustrated) can be placed within the combus-
tor 12 or at the combustor’s outlet, 1n order to measure the
temperature of the CO, exhausted from the combustor 12.
The operation of the valve 31 can therefore be controlled
according to the temperature measured by the temperature
sensor. If the temperature of CO, exhausted from the com-
bustor 12 1s higher than the desired temperature (or a desired
temperature range), then the valve can be controlled to
increase the direct CO, flow 1into the combustor and decrease
the CO, tlow to the solar recerver 310, 1n order to introduce
cooler CO, 1nto the combustor 12. Conversely, 1 the tempera-
ture of CO, exhausted from the combustor 12 1s lower than the
desired temperature (or a desired temperature range), then the
valve can be controlled to decrease the direct CO,, tlow 1nto
the combustor and increase the CO, tlow to the solar receiver
310, 1in order to mtroduce heated CO, into the combustor 12.
The operation of the valve 31 may be conducted by a user
and/or automatically being eflfected by a suitably prepro-
grammed control system (not illustrated). As described
above, such a control system includes an input port connected
to the temperature sensor for recerving therefrom data indica-
tive of the CO, temperature leaving the combustor 12; a
memory utility; a processing utility configured for processing,
and analyzing measured data to determine 1ts relation to the
desired temperature conditions (desired temperature value or
a desired temperature range), for determining the extent of the
portions of the CO, flow that should be directed to the solar
receiver 310 and the combustor 12 1n order to ensure that the
temperature of the CO, leaving the combustor satisfies a
predetermined condition, and for generating a control signal
indicative of the results; and a controller/manipulating unit,
configured for recerving the control signal from the process-
ing unit, and manipulating the valve 31 accordingly, 1n order
to direct the approprate portions to the solar recerver 310 and
the combustor 12.

Reference 1s made to FIG. 3 illustrating a schematic block
diagram of another configuration of a part of the system,
generally designated 400. System 400 differs from the above-
described system 200 (FI1G. 1D) 1n its use of a solar recetver
310 for preheating the CO, introduced into the combustor 12.
The system 400 thus 1ncludes a solar receiver 310, a combus-
tor 12, a gas turbine 110, a compressor 18 associated with the
gas turbine 110, an intercooled compressor 210 associated
with a steam turbine 212, a mixing chamber 140, and a steam
Rankine bottoming cycle 115 comprising a stem generator
114 and a steam turbine 212.

Reference 1s made to FIG. 6 illustrating a schematic block
diagram of yet another configuration of the system, generally
designated 500. System 500 comprises a CO,, reduction unit
16, powered by an external energy source 523 (e.g. solar

energy). The CO, reduction unit 16 operates as a recycling
module converting CO, mto CO and O, 1n reactor 560. The

CO, mtroduced 1nto reactor 560 comes from a butler storage

tank 568 via a tlow regulator 562. The builer storage tank 568
1s fed by the CO, used for heating the steam Rankine bottom-
ing cycle via an mlet 510 and optionally from a makeup CO,
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source such as stream from fossil fuel plants via an inlet 567.
The O, outlet from reactor 560 1s compressed by compressor
564 and stored 1n an O, buffer storage tank 566 which regu-
lates the O, flow 1nto the mixing chamber 140. The CO outlet
from reactor 560 1s compressed by compressor 563 and stored
in a CO buller storage tank 5635 which regulates the CO tlow
into the mixing chamber 140. The time and duration 1n which
the turbine 110 1s required to operate might be different from
the period in which the CO, reduction unit 16 operates. The
flow regulation by storage tanks tor CO, 568, and/or CO 565
and O, 566 enables the tlow of working gas to the gas turbine
110 to be set at the time and duration required to operate the
turbine 110. The CO, reduction unit 16 1s driven by an exter-
nal energy source 25. Optionally, the external energy source
includes a solar energy converter umt that converts solar
energy 1nto work and/or electricity that are used to operate the
reduction unit 16. Such converter might operate only during
solar hours (roughly 8-12 hours a day). In addition, the CO,
reduction unit 16 may also be powered by at least one of the
gas turbine 110 and steam turbine 212, enabling operation of
the reduction unit 16 e during a different period (e.g. when the
availability of sunlight 1s low). The supply of energy to the
reduction unit 16 by the gas turbine 110 and and/or steam
turbine 212 may extend for up to 24 hours a day, and may be
used eirther 1n conjunction with the external energy source, or
instead of it.

System 500 implements a closed cycle which reuses the
CO, exhausted trom the gas turbine 110 to generate 1ts own
fuel. The system 500 thus includes a combustor 12, a gas
turbine 110, a compressor 18 associated with the gas turbine
110, amixing chamber 140, a steam Rankine bottoming cycle
115 and a CO,, reduction unit 16, optionally powered by an
external energy source 25 (e.g. solar energy).

Reference 1s made to FI1G. 7 illustrating a schematic block
diagram of yet another configuration of the system, generally
designated 600. System 600 differs from the above-described
system 300 (FIG. 6) 1n the introduction of an intercooled CO,
compressor 210 to compress the CO, fed into the combustor,
additionally to the compressor 18, using the same configura-
tion that systems 200 and 400 in FIGS. 1D and 5 respectively.
The system 600 thus includes a combustor 12, a gas turbine
110, a compressor 18, an intercooled compressor 210 asso-
ciated with a steam turbine 212, a mixing chamber 140, a
steam Rankine bottoming cycle 115 and a CO, reduction unit
16, optionally powered by an external energy source 25 (e.g.
solar energy).

Reference 1s made to FI1G. 8 illustrating a schematic block

diagram of yet another configuration of the system, generally
designated 700. System 700 differs from system 300 (FIG. 6)

in the introduction of a solar recerver 310 which preheats the
CO, prior to its introduction into the combustor 112 using the
same configuration that systems 300 and 400 1n FIGS. 4A and
5 respectively. The system 700 thus includes a combustor 12,
a gas turbine 110, a compressor 18 associated with the gas
turbine 110, a mixing chamber 140, a steam Rankine bottom-
ing cycle 1185, a solar recetver 310, and a CO,, reduction unit
16, optionally powered by an external energy source 525 (e.g.
solar energy).

Reference 1s made to FI1G. 9 1llustrating a schematic block
diagram of another configuration example of a system, gen-
crally designated 800. System 800 differs from system 600
(FIG. 7) 1n the mtroduction of a solar recerver 310 which
preheats the CO, prior to 1ts introduction into the combustor
112. The system 800 thus includes a combustor 12, a gas
turbine 110, an intercooled compressor 210 associated with a
steam turbine 212, a mixing chamber 140, a steam Rankine
bottoming cycle 115, a solar recerver 810, and a compressor
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18, a CO, reduction unit 550, powered by an external energy
source 523 (e.g. solar energy).

In the example of FIGS. 6-9 the system 1s based on reduc-
tion of CO, 1mto CO and O, and on the reaction o1 CO and O,
for yielding CO,. However, 1t should be noted that the system
configurations of FIGS. 6-9 can be modified so that the sys-
tem 1s based on reduction of a mixture of CO, and water or
steam 1nto syngas and O,, and on the reaction of syngas and
O, for yielding a mixture ot CO, and water or steam. Such a
process 1s described in detail above, with reference to FIGS.
2A-2C. If the systems of FIGS. 6-9 were thus modified, the
butler storage tank 568 would be configured for storing the
mixture ol CO, and water, and possible receiving at least
some mixture of CO,, and water via the inlet 567. The reactor
560 would be configured for reducing a mixture of CO, and
water 1nto syngas and O,. The CO storage tank 565 would be
configured for storing syngas and regulating the syngas flow
into the mixing chamber or combustor.

Reference 1s now made to FIG. 10, which provides one
example of how the principles of the invention can be used 1n
a power generation plant 900 using a steam-Rankine cycle.
Here, part of the heat for generating and superheating the
steam 1s provided by burning CO with clean O,, both ot which
are generated in the CO, dissociation reactor 560, and the rest
of the heat 1s optionally provided by a fuel ({or example coal)
burning 1in air.

The power generation plant 900 includes an optionally
standard fuel (e.g. coal or natural gas) combustor and steam
generator 902, a CO oxy-tuel combustor and steam generator
12, a CO, storage tank 906, a CO,, reduction unit 16, and a
stcam-Rankine cycle 115. The power generation plant 900
thus includes a system for operating the first cycle of CO,,
CO, and O, similar to the above-described system 10' of FIG.
3. Other systems for performing a steam-Rankine cycle 1135
are described above with reference to FIGS. 1C-1D, 4A-4B,
5-9, and they can also optionally include the fuel combustor
902. The system for operating the first cycle, which includes
oxy-fuel combustion of CO to CO,, provides heat to the
system for performing the steam-Rankine cycle 115 via an
HRU 17a. The standard tuel combustor 902, if present, pro-
vides heat to the system for performing the steam-Rankine
cycle 115 via an HRU 175.

The use of the plant 900 decreases (or even eliminates) the
need of using fuel (such as coal or natural gas) burning 1n air.
Generally, exhaust stream from a fuel burning 1n air 1s prima-
rily a mixture of soot, N,, O,, CO,, H,O and includes small
portions of various harmful by-products such as SO, and
NOx. The soot, SO, and NOx are usually scrubbed away in
the emission stack of the fuel combustor 902. Separation of
CO, from the other mixture components, especially N, and
O,, 15 a very costly and mefficient process. Oxy-tuel combus-
tion of CO 1n the combustor 12 produces a nearly clean CO,
stream—INo N, or NO__1s produced; there 1s considerably less
soot and SO, and their scrubbing 1s theretore relatively easy.
Following the scrubbing, there 1s no need for separation of
CO, from other exhaust gases. Therefore the part of the com-
bustion 1n the plant 900 that 1s oxy-fuel combustion,
decreases the emission of harmful products generated by
burning a fuel 1n arr.

In the steam-Rankine cycle 115, steam 135 1s superheated
by heat exchange via HRU 17a between the steam and/or
water and hot CO, generated by the combustor 12, as well as
by heat exchange via HRU 1756 between the steam 135 and
heated combustion products generated by standard fuel com-
bustion in the combustor 902. HRU 17q and 1756 may operate
in series or in parallel. The steam 1335 1s then introduced into
the turbine 212, which 1s connected with an electric generator
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120, which provides electricity to an electric grid 904. The
steam 135 discharges some of 1ts thermal energy in the tur-
bine 212, and 1s exhausted from the turbine 212 1n steam or
steam/water mixture form. This mixture 1s then condensed to
100% liquid water in condenser 118, pumped up to the pres-
sure required by the turbine in water pump 117 and redirected
to the HRU 17a and HRU 175 to be heated again. The HRU
17a 1s similar to the HRU 17 of FIGS. 1A-1B, and may
include a steam generator 114 and/or a water-CO, heat
exchanger 116, as mentioned above with reference to FIGS.
1C-1D, 3, 4A-4B, 5-9. As mentioned above, the CO, reduc-
tion unit 16 may be of any known suitable type, e.g. as
described in PCT/IL2009000743.

It should be noted that the power plant 900 would also work
with a cycle in which a CO,-and-water working gas 1s
reduced to a syngas fuel and O,, which are then recombined
by combustion to yield the CO,-and-water working gas. Such
a cycle1s described above with reference to FIGS. 2A, 2B and
2C.

Reference 1s now made to FIG. 11, illustrating an example
of the use of the principles of the present invention 1n power
generation plant 920 utilizing a steam-Rankine cycle. In the
plant 920, part, or all of the heat for generating and super-
heating the steam 1s provided by burning fuel (such a coal) in
an oxy-fuel combustor 922 with clean (purity of about 90% or
higher) O,, which 1s produced 1n the CO, and water dissocia-
tion plant Optionally, the rest of the heat 1s provided, in series
or parallel, by burning fuel (e.g. coal or natural gas) 1n air 1n
a second, standard fuel combustor 902.

The difference between the plant 920 and the above-de-
scribed plant 900 of FIG. 10 1s 1n that the CO,, combustor 12
of the plant 900 1s replaced by a fuel combustor 922 1n plant
920. In the combustor 922, a fuel (such as coal or natural gas)
reacts with substantially pure oxygen (oxy-fuel combustion).
The fuel 1s supplied to the combustor from an external reser-
volr (e.g. coal storage facility, or natural gas storage tank),
rather than being produced 1n a CO, (or CO, and water)
dissociation reactor. The products of the oxy-fuel combustion
1s a hot mixture of mostly CO, and H,O, which transfers its
heat to the steam Rankine cycle 115 via HRU 174 (similar to
HRU 17 described above). The CO, and water are then
directed to a CO,-and-water reduction unit 42 (described 1n
FIGS. 2A-2C), where dissociation mto syngas (a mixture of
CO and O,) and O, 1s performed. CO,, and water storage 908
can be used to control the flow of CO, and water to reduction
unit 42. Following the dissociation process in the reduction
umt42, the oxygenis transierred to an O, storage tank 566 for
use 1n oxy-fuel combustion of the fuel (e.g. coal) 1n the fuel
combustor 922. The mixture of CO and H, produced 1n the
reduction unit 42 1s sent to a syngas storage tank 924 for
turther use 1n other applications such as production of another
fuel—for example, a liquid fuel for transportation (e.g.
methanol, diesel, or kerosene-based aviation fuel). Similar to
plant 900 of FI1G. 10, the use of the plant 920 also decreases
the emission of harmiul products generated by burning a fuel
in air because at least part of the combustion 1n the plant 920
1s oxy-fuel combustion.

Thus, the present invention provides a novel and effective
power generation system, which can be used 1n various appli-
cations. Those skilled 1n the art will readily appreciate that

various modifications and changes can be applied to the
embodiments of the ivention as hereinbefore described
without departing from its scope defined in and by the
appended claims.
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The mvention claimed 1s:
1. An energy generation system for use in operating a heat
engine, the system comprising:
a reduction unit energized by an external energy source and
being configured and operable for reducing CO,, into CO
and O,, said CO, reduction unit having a gas inlet asso-

ciated with a gas outlet of the heat engine for inputting
CO,, and having CO and O, gas outlets, and

a combustor comprising a plurality of gas inlets including
gas mlets connected to the outlets of said reduction unit
for receiving the CO and O, gases, and a gas 1nlet for
receiving a CO, working fluid, and a gas outlet connect-
able to a gas inlet of the heat engine, said combustor
being configured and operable to cause a reaction
between said CO and O, gases thereby combusting the
CO gas to form CO, gas, and for supplying, through said
gas outlet, a substantially pure CO, gas to drive the heat
engine,

the energy generation system thereby providing operation

of the heat engine driven by said external energy source
via the reduction of CQO.,,.
2. The energy generation system of claim 1, wherein said
combustor further comprises an additional inlet associated
with said gas outlet of the heat engine and configured for
recerving at least a portion of said CO, exhausted by the heat
engine.
3. The energy generation system of claim 1, further com-
prising a conduit that bypasses said combustor while convey-
ing CO, directly to a gas inlet of the heat engine.
4. The energy generation system of claim 1 wherein the
system 1s configured as combined cycle, wherein said com-
bined cycle comprises a first cycle and a second cycle, said
first cycle comprising a heat engine and said second cycle
comprising a Rankine turbine.
5. The energy generation system of claim 1, wherein the
system 1s configured as a combined cycle, wherein said com-
bine cycle comprises a first cycle and a second cycle, said
second cycle comprises a heat recovery unit (HRU) con-
nected to the heat engine outlet and having at least one CO,
inlet and one CO, outlet, said HRU being configured and
operable for transferring at least some heat from CO,
exhausted by the heat engine to a fluid circulating 1in the
second cycle.
6. The system of claim 1, wherein:
said reduction unit 1s configured and operable for reducing
a mixture of CO, and water or steam 1nto O, and syngas
(a mixture of CO and H,);

said combustor 1s configured and operable for reaction
between syngas and O,, yielding the mixture of CO,, and
water-steam; and

said heat engine 1s driven by the gas output from said

combustor comprising said mixture of CO, and water-
steam.

7. The energy generation system of claim 1, wherein said
reduction unit comprises:

a butler storage module for receiving from an HRU, a tluid

being CO, or a mixture of CO, and steam or water;
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a reduction reactor configured and operable to recetve said
flu1id from said buffer storage module and to reduce CO,,
into CO and O, or said mixture of CO, and steam or
water into syngas and O.,;

a flow regulator regulating the fluid flow from said buffer
storage module to said reduction reactor;

a first compressor configured and operable to compress CO
or syngas leaving said reduction reactor and to supply
compressed CO or syngas to said combustor, and a sec-
ond compressor configured and operable to compress O,
leaving said reduction reactor and to supply compressed
O, to said combustor.

8. A power plant for generating electricity, comprising:

a steam cycle comprising a steam turbine having an inlet
for receving high-temperature steam and an outlet for
exhausting stream and/or water having lower tempera-
ture and pressure than the high-temperature steam, the
steam turbine being powered by passage of steam there-

through;

the energy generation system of claim 1, for transferring at
least some heat from said combustor’s exhaust to said
water and/or steam exhausted by said heat engine being
a steam turbine, thereby powering said steam cycle and
driving the steam turbine; and

an electric generator associated with said steam turbine and

configured for using work generated by said steam tur-
bine to generate electricity.

9. A method for use 1n operating a heat engine, the method
comprising;

(a) reducing a CO, gas mto CO and O, gases;

(b) reacting said CO and O, gases, thus combusting the CO

gas, and yielding a substantially pure CO, outlet gas;

(¢) supplying said CO, outlet gas to the heat engine as a

working gas 1n 1ts heat-to-work generation process.

10. The method of claim 9, turther comprising:

(d) directing CO, gas exhausted by the heat engine to a

reduction unit for further reduction; and

(¢) repeating the preceding steps;

whereby the method 1s configured to enable generating a

closed-loop cycle of the heat engine operation by reus-
ing the CO, exhausted from the heat engine to produce
CO and O,

11. The method of claim 9, further comprising conveying
CO, gas to a gas inlet of the heat engine, while bypassing a
combustor wherein said CO 1s combusted to yield a substan-
tially pure CO, outlet gas.

12. The method of claim 9, wherein reducing CO, into CO
and O, 1s performed by using additional CO, gas supplied
from an external source.

13. The method of claim 9, wherein:

a mixture of CO, and water or steam 1s reduced to syngas

(a mixture of CO and H,) and separated O.;

syngas reacts with O, yielding a mixture of CO, and water;

said mixture of CO, and water or steam 1s supplied to the

heat engine; and

the mixture of CO, and water or steam exhausted from the

heat engine 1s directed to the said reduction unit for
further reduction.

G o e = x
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